A new approach to fabricate flexible and inexpensive experiments for undergraduate students to gain hands-on experience with engineering concepts has been developed. The approach is driven by design for manufacture and leverages new manufacturing tools such as computer-aided design, 3-D printers, and vacuum forming machines to produce an array of simple and easy-to-use experimental hardware. The design and fabrication process is illustrated by documenting the evolution of four generations of experimental hardware. Experimental hardware has been developed around two areas in fluid mechanics: a Venturi nozzle experiment, illustrating use of the Bernoulli equation and a Pipe Flow experiment focusing on conservation of mass and energy. The Pipe Flow experiment was implemented in a junior-level fluid mechanics class and student learning was assessed. Students who participated in the Pipe Flow experiment demonstrated significantly higher scores on questions relating to head loss in a pipe than students who attended a lecture. In contrast, student scores on questions relating to fluid velocity were no better after participating in the experiment than those for students who saw the lecture. These divergent learning outcomes appear to be a result of the effectiveness of the educational interventions to stimulate a complete experiential learning cycle involving the targeted engineering concept, a crucial aspect of the design of the experimental hardware.
Introduction
Unfortunately, much student learning in classrooms revolves around passively listening to traditional lectures followed by solving textbook problems. While lectures may transmit facts, and solving textbook problems encourages the development of procedural knowledge, neither approach is effective in developing a deeper conceptual understanding of engineering topics. The present work aims to overcome these deficiencies in common classroom techniques by providing students with inexpensive experimental devices, which students can manipulate in the classroom, to stimulate active learning of important engineering concepts.
Active learning has been shown by many educational researchers to result in learning outcomes superior to outcomes from traditional delivery methods like lecturing. 1 Experiential learning theory (ELT) provides a framework to understand how and why active learning helps students develop deeper understanding.
2,3
Kolb's theory posits that effective learning occurs when a student progresses through four stages: (1) concrete experience, (2) reflective observation, (3) abstract conceptualization, and (4) active experimentation. In ELT, a learner begins with a concrete experience. That experience provides the material for reflection which leads to the formation of abstract concepts based on the reflection and culminates in active experimentation to test those concepts. Active learning approaches enable students the opportunity to exercise their abilities to experience, reflect, think, and act in ways that traditional approaches such as lecture-based classes cannot.
Based on this understanding, educators have developed various active learning activities, especially student-run experimental activities that promise more effective learning. Several approaches have been taken, with some researchers focusing on take-home experiments, others developing experiments that can be accessed remotely for distance education, and a third group designing experiments for in-class use.
In an example of this first group, Scott 4 reported on two fluid mechanics experiments designed to be completed as homework assignments by students in a fluid mechanics course. Students were asked to assemble and use two simple experimental devices. First, the students used a hydrometer to measure and report the specific gravity of common household fluids. Second, the students assembled a water manometer from vinyl tubing and used it to measure the differential pressure across the side window of a moving car. In each case the cost of the experimental apparatus was minimal, while the experience of doing the experiments appeared to enhance the students' understanding of the basic concepts involved. Cimbala et al. characterized the performance of a small aquarium pump and compared their results with the manufacturer's pump curve. The entire experimental apparatus cost less than $20 for each student, but resulted in a significant gain in learning.
A number of education researchers have developed experiments that can be accessed remotely, so that students can manipulate engineering hardware via the internet. Ogot et al. 6 reported on a jet thrust laboratory that students could access online and perform remotely. In this case, the experimental apparatus was assembled from high-quality components and housed and maintained in a traditional laboratory setting. Cost savings came not from reducing the price of hardware but from making expensive hardware more freely available. In addition, interaction with the experiment came not from hands-on manipulation of hardware, but via the software interface, Lab-View, and video flow visualization. However, a comparison of students performing the lab hands-on and students performing it remotely indicated statistically similar learning outcomes. Ellis et al. 7 documented a similar remotely accessed experiment that allowed students to operate and make measurements on a Venturi nozzle. In this case an existing lab was retrofitted with internet accessible controls and data acquisition to enable students at branch campuses to remotely perform the experiment. Once again, an assessment of student learning comparing students in the lab and students using remote access indicated similar outcomes.
Significant effort has also been devoted to developing experiments suitable for in-class use. In this approach, the goal has been to use student-centered, hands-on experiments during regular class time to replace or supplement instructor-centered pedagogies. Early work by Van Wie et al. 8 involved having student teams put together experiments to learn fluid flow and heat transfer concepts. Visco 9 built on this concept, having students design and build projects exemplifying engineering concepts. The same projects were then redesigned, modified, and rebuilt by subsequent student teams over the course of several years. In Visco's work an important goal of the student-built experiments was compactness, so that each could fit easily on a classroom desktop. Minerick 10 was able to introduce inexpensive, portable experiments into the classroom by developing simple heat transfer measurements based on low-cost components that instructors could easily acquire and that students could readily manipulate in the classroom. Minnerick estimated that her Desktop Experiment Modules (DEMos), which students could use to gain first-hand experience with conduction, thermal contact resistance, and convection heat transfer could be assembled for about $65 per station Van Wie et al. 11, 12 have worked to develop a system of compact experiments called Desktop Learning Modules (DLMs), which can be brought into the classroom. The DLM system is based on a series of cartridges that can plug into a base unit with liquid reservoir, pump, and data acquisition. Each cartridge holds the hardware for a particular thermofluid experiment. Cartridges available include heat exchanger, pipe flow, fluidized bed, and Venturi nozzle experiments among others. The system is compact and comprehensive, containing everything an instructor needs to introduce an experiment into the classroom. Assessment of student learning using the DLM system has shown significant gains for students using the active learning approach. As a consequence of this success, a commercial version of the Van Wie group DLMs has been introduced by educational equipment supplier Armfield Ltd.
Active learning using thermofluid experiments has repeatedly been shown to enhance student learning, whether used outside of class for take-home assignments, for students in remote locations in distance learning environments, or brought into the classroom to supplement or replace lecture-based pedagogies. In all of these applications, a major consideration is the cost of the hardware used. For example, although the DLMs developed by the Van Wie group have demonstrated efficacy in enhancing learning outcomes for students, a major factor impeding their widespread use is their cost. Reducing that cost would make them far more attractive. The low-cost approaches explored by Visco and Minnerick hold out the opportunity to make experiential learning available to a wide range of students. However, to implement these low-cost experiments, the instructor or the student must put together the experimental hardware themselves, a process that involves acquiring, organizing, and assembling many components.
Widespread adoption of hands-on experiments for use outside of the laboratory, whether in lecture classes, at home, or for distance education will probably not occur until simple, low-cost, student-ready experiments are readily available to instructors. The present work documents a novel approach to meet these needs. In this paper, we describe the design and fabrication of experimental hardware that is inexpensive, simple, and robust and that can be supplied to students as complete experimental stations. Recent work in our lab has indicated a pathway to significantly lower the cost of providing high-quality experiments to students. That work has shown how very-low-cost experimental hardware can be fabricated by leveraging new capabilities in computer-aided design (CAD), 3-D printing, and vacuum forming. 13, 14 By focusing on developing means to manufacture very low-cost devices, we hope to show how experimental hardware specifically designed for active learning experiences can meet a broad range of engineering curricular needs. The goal of the work is to demonstrate a design and manufacturing path that instructors can use to produce experimental activities that are tailored to support effective experiential learning. The approach results in simple, inexpensive, easily-operated experimental stations that allow student groups as small as two or three to have their own experimental setup so that each student can freely manipulate the hardware and be actively engaged.
The approach illustrated here is based on the production of experimental devices through a four-step fabrication protocol. First, commercial CAD software is used to define the geometry of an experiment. Second, a rapid prototyping machine is used to 3-D print a plastic mold of the design. Third, a vacuum former is used to form thin plastic sheets around the 3-D printed mold. Finally, the vacuum-formed sheets are assembled together, along with inexpensive pumps, valves, and accessories to produce multiple copies of the experiment.
System goals
The approach detailed in this work was motivated by a number of requirements that were essential for hands-on experiment hardware to be successful. In order to enable wide-spread adoption of the experiments, the hands-on apparatus would need to meet the following goals:
• Low cost: Experiments must be inexpensive to acquire and inexpensive to run.
The hardware must be low enough in cost to provide complete experimental set-ups for students working in groups of three or less. The cost must be low enough so that every student gets a chance to actively operate the experiment.
• Easy to use: Experiments must be quick and easy to set up in the class room, requiring as little preparation by the instructor as possible. Experiments should be simple and easy to operate by students. Students should feel comfortable manipulating hardware with minimal instruction. Students should be able to control and vary all major parameters in an experiment with little or no intervention by the instructor.
• Safe: Experiments must be completely safe for students to use (and even misuse). No toxic or unsafe materials, no electrical shock hazard, and no potentially dangerous components can be employed.
• Rugged: Experiments should be hard to break. They should be able to withstand normal handling and even occasional mishandling. Any broken parts should be quickly, easily, and cheaply replaced.
• Clear instrumentation: Measurement techniques need to be clear, unambiguous and precise enough to allow students to draw meaningful conclusions. Measurement errors must be small enough compared to quantities measured, so that uncertainties do not overwhelm desired experimental trends. If possible, measurement techniques should operate on physical principles that are easily understandable to students. Ideally, what is being measured and how it is being measured will be transparent to students.
• Flexible: Experiments should be easy to design and fabricate, so that individual instructors can design and implement hardware customized to their particular learning goals.
Approach
The approach to develop and fabricate experimental hardware documented here is rooted in the driving principle of design for manufacture. Focusing on how the hardware would be fabricated and then leveraging new manufacturing modalities such as computer-aided drafting and analysis or CAD/CAE, 3-D printing or rapid prototyping, and vacuum forming enables the production of an array of simple, inexpensive, and easy-to-use experimental hardware. By designing the experimental hardware to take advantage of specific strengths of new fabrication routes, exploiting the use of very inexpensive materials while keeping the experiments as simple as possible allowed us to realize the flexible design and manufacture of robust experiments for very low cost.
Leveraging new manufacturing techniques
Recently developed manufacturing techniques are opening up new ways to fabricate devices that are significantly faster, more flexible, and cheaper than traditional manufacturing routes. Leveraging these new manufacturing approaches can enable educators to design and fabricate experimental hardware for student use in ways that are dramatically less expensive and more flexible than anything seen up to now. The opportunity is to develop experimental hardware inexpensive enough to allow every student their own set-up to explore, while flexible enough to tailor experiments to individual learning goals, enabling students to learn engineering concepts in ways that are more motivating and that lead to deeper understanding. The key to this approach is to combine two complementary ideas. First, we make design for manufacture a primary consideration, from the beginning of the development cycle for each experiment. Second, we take advantage of new fabrication tools to speed up, simplify, and reduce the cost of manufacture.
In design for manufacture, the conception of each piece of experimental hardware to be produced is considered from the perspective of reducing the number of parts to the absolute minimum, designing those parts for easy assembly, and fabricating the parts using simple, fast, and flexible processes requiring little or no skilled labor, while using very low-cost, readily sourced materials.
Taking advantage of new fabrication tools aids greatly in realizing products conceived through this design philosophy. In particular, we rely heavily on three current manufacturing processes: CAD, 3-D printing, and vacuum forming. 
Design of experiments
In order to illustrate the present approach of the design and fabrication of very low-cost DLMs, two recently developed experiments (1) a Venturi nozzle and (2) a pipe flow/head loss experiment are presented. The Venturi nozzle experiment was designed to demonstrate the way energy is transferred between static pressure and fluid velocity (or kinetic energy), as a fluid passes through a converging nozzle (conservation of mechanical energy). The pipe flow/head loss experiment was developed so that students could visualize how static pressure falls in a pipe as mechanical energy is converted into thermal energy (conservation of energy), while fluid velocity remains constant (conservation of mass). Based on these needs a design and fabrication protocol was developed with the goal of producing experimental hardware that would be low cost, easy to use, with clear instrumentation, safe, rugged, and flexible.
First, CAD software (SolidWorks TM ) was used to develop and define the experimental hardware geometry. All hardware was designed using SolidWorks by undergraduate and graduate students working together in teams. Since many undergraduate mechanical engineering students learn to use SolidWorks in introductory engineering courses (freshman and sophomore level design classes) no training in CAD tools was required. In addition, the CAD drawings offered a convenient means to document designs, and then communicate those designs with faculty advisors. Iterating possible experimental geometries then became quick and convenient. Hardware design via CAD greatly simplified the specification of the precise geometries necessary for the experimental devices desired. It also meant that numerical analysis software (CFD or finite element structural software) could be integrated into the design of experiments to predict and optimize device behavior. It allowed multiple design teams both to independently explore alternate design paths simultaneously, and to share notably successful experimental geometries with each other. Speed and flexibility of design iteration was a particularly appealing advantage of this design and fabrication route.
Once experimental geometry was defined by CAD, that geometry was exported to a rapid prototyping machine to be 3-D printed in plastic. The tight integration between widely used CAD software and 3-D printers meant that experimental geometries could be rapidly realized, significantly speeding up the design process. Producing 3-D printed prototypes from CAD drawings typically took one day instead of a week or more as for traditionally machined parts. In addition, 3-D printed parts could be produced by undergraduate or graduate students without special training. Machined parts typically require the time of highly skilled and high-paid machinists. For this reason, the costs for 3-D printed prototype geometries were much less than for machined parts, with single iterations of an experiment design costing on the order of 10 to 20 dollars for materials and processing.
However, while rapid prototyping does allow for speedy production of individual pieces, it is not a quick or cost-effective fabrication route to produce many identical copies. Each 3-D printed copy must be printed out serially. As a result, both production time and cost is proportional to the number pieces printed. Producing more than a few copies significantly increases the production time required and the cost. Although one day and 10 to 20 dollars is not prohibitive to produce a single copy of an experimental geometry, supplying many 3-D printed parts for classroom use would quickly become too time consuming and expensive to be practical. For this reason, an alternate means to manufacture multiple copies of each experimental apparatus, vacuum forming, was introduced into the fabrication protocol.
Vacuum forming was chosen to supplement rapid prototyping because of the speed and low cost with which many identical copies of a given geometry can be produced. A fabrication protocol using 3-D printing to produce molds for vacuum forming enabled the rapid production of multiple copies of hardware parts starting from just a few of the slowly printed 3-D molds.
Vacuum forming also brings a number of advantages beyond the ability to produce many identical copies. There are many attractive materials choices amenable to vacuum forming. In this project polyethylene terephthalate glycol (PETG) was chosen as the primary material to vacuum form hardware in. This plastic, most commonly seen in blister packaging of retail products, is inexpensive, completely nontoxic, tough, and attractive. Upon vacuum forming, PETG retains a crystal-clear, smooth finish and is quite robust. Vacuum formed PETG pieces can be dropped to the ground from chest height without shattering and with no damage. The resulting vacuum formed hardware would thus be low cost, safe, and very rugged.
In designing the fluids experiments described here, the requirements for safe, simple, and easy-to-use hardware necessitated the choice of air and water as the only fluids used. Once chosen, some means of controlling and moving these fluids is required. This requirement, easy control of fluid flow rates, was fulfilled through the choice of small battery-powered air and water pumps. Fortunately, batterypowered water pumps designed for small water fountains and air pumps intended to blow up inflatable mattresses and toys can produce suitable head at flow rates sufficient for many experiments. Such air and water pumps are mass marketed and can be readily purchased for very low cost. In addition, the use of rechargeable batteries to power the pumps allowed each experiment to be completely portable and untethered. This has turned out to be a significant advantage for bringing experiments into lecture classrooms.
Experiments using air as the working fluid are much simpler than those using water, since air does not need to be brought into a classroom, spills and leaks are not an issue, and a closed fluid loop is not required. However, visualization of the flow is more problematic, and measurements can be more difficult for air flows than water flows.
The requirement for clear instrumentation necessitates the implementation of simple, inexpensive measurement techniques for students to determine volumetric flow rate, fluid velocity, and pressure. These measurement techniques must also be sufficiently precise and repeatable to minimize experimental uncertainty. There exists a real danger that poorly designed experiments will actually hinder student learning. Such an outcome is possible if large experimental uncertainties or common measurement blunders result in students obtaining results that actually contradict the physical principles they are intended to learn. Such outcomes increase student misconceptions and undermine confidence in the concepts we hope to reinforce with these low-cost experiments. As a result, designing measurement techniques that are accurate, easy to use, and easy to understand is of crucial importance. Measurement techniques must be robust, simple to employ, as intuitive as possible to interpret, with relatively low uncertainty. If at all possible, students should be able to easily grasp the physical concepts underlying the measurement techniques.
For these reasons, experiments with water as the working fluid were designed to have volumetric flow rates measured using a positive displacement method: the "bucket and stopwatch" technique. For experiments with air as the working fluid, simple positive displacement methods are not as easy to implement, and we could devise no simple positive displacement method to measure the flow rates of air. For these experiments, we resorted to purchasing hand-held turbine anemometers, designed and marketed to measure wind speeds. These anemometers were among the most expensive components acquired for the low-cost experiments, and while easy to use, were much less straightforward in operation than the "bucket and stopwatch" flow measurements made with water. Water velocity, while not directly measured, was visualized using small beads.
To measure pressure in the experiments, liquid (water) manometers were molded into the flow hardware. In this way, the pressure changes are easily visualized as water heights in liquid columns, and fluid heights give a visual indicator proportional to pressure. This approach results in two significant pedagogical advantages. First, the height of a liquid column gives an easily interpreted visual cue as to the pressures in the fluid. Second, calculating pressure from fluid height can be done by students from first principles giving students an easily-understood measure of pressure.
Hardware for two kinds of hands-on experiments were designed, fabricated and implemented in classroom settings. Experimental hardware for a Venturi nozzle experiment designed to exercise students' understanding of the Bernoulli equation and Pipe Flow experiments designed to help students master principles of head loss were developed. Multiple generations of each set of experimental hardware were fabricated, implemented, and assessed, following the design procedure illustrated in Figure 1 .
This approach, starting from defining hardware geometries using CAD, then employing 3-D printing to realize those hardware geometries in plastic molds, through producing complete devices using vacuum forming, enabled very fast design and fabrication of hardware. The time to realize a proposed experimental device from conception to finished prototype was as low as one week. As a result, we were able to run through multiple design, build, and test iterations on proposed experiments over the course of a semester. Quick iteration of the design cycle, in turn, greatly aided in the task of developing experiments that students would find appealing and easy to work with. Each iteration brought a better understanding of how students interacted with the hands-on experiments, leading to improvements and changes in the design of the experiments. The evolution of the Venturi and pipe flow/head loss experiments is used to illustrate the proposed approach for the development, fabrication, and use of low-cost experiments. Figure 2 illustrates the proposed manufacturing protocol using the specific example of the fabrication of a low-cost Venturi nozzle. All of the experimental hardware was designed using SolidWorks TM CAD software. model. The CAD models were exported to a Stratasys Uprint SE 3-D printer, to produce three-dimensional representations of the experimental hardware geometries in ABS plastic. Two sets of molds, mirror images of each other, were required for each set of experimental hardware produced. An ABS plastic printout of the Venturi nozzle with integrated manometers taken directly from the 3-D printer is shown in Figure 2 (c). These 3-D printouts were then used as molds for vacuum forming. Vacuum forming was accomplished with an EZFORM LV, 1827 using 0.20 00 thick sheets of transparent PETG. Figure 2(d) illustrates the PETG sheet as it appeared upon being removed from the vacuum forming machine.
Manufacture of experiments
Each experimental device was then assembled by gluing together the two mirror-image halves vacuum-formed in PETG. This was done by first cutting excess plastic away from the PETG sheets and then using Weld On 3 Acrylic cement to glue the two mirror image sheets together. An assembled Venturi nozzle is shown in Figure 3 (a). To complete an experimental set-up, in this case a Venturi nozzle experiment, a water flow loop is assembled. Figure 3 (b) illustrates how vinyl tubing (3/8 00 ID) is used to connect a battery-powered DC water pump and two plastic ball valves to the Venturi nozzle.
Figure 3(c) shows the fully assembled Venturi nozzle and flow loop bolted onto a plastic storage box used both as a water reservoir and a base for the experiment. Running the Venturi nozzle experiment requires only that students fill the reservoir with an inch of water, and then insert four D-cell batteries into the battery box to start the pump.
Evolution of the experimental hardware
Several generations of experimental hardware have now been fabricated and tested for both the Venturi nozzle experiment and pipe flow/head loss experiment. Following the design and fabrication strategy illustrated in Figure 1 has led to an evolutionary approach toward continuous development and improvement of the experiments. We address first the evolution of the Venturi nozzle experiment and then the development of the pipe flow/head loss experiment. 
Venturi nozzle experiment
Development of low-cost Venturi nozzle experiments began with the design of nozzles using air as the working fluid. Figure 4 shows the first four generations of air nozzles. Each of the four nozzles were fabricated, as described in the section Manufacture of Experiments. The first design, Figure 4(a) , intended to be a simple planar geometry, was difficult to connect to an air supply and had only air taps with no provision for integrated manometers. The second design 4(b) corrected both of these problems and was the first successful low-cost air Venturi experiment. Air flow was supplied to the nozzle by a hand-held hair dryer fitted into the large inlet bell on the left-hand side of the nozzle. The integrated differential manometer is seen to register the pressure difference between the inlet and throat of the Venturi. The necessity of supplying 115 VAC from wall plugs through an electrical cord to power the hair dryer was found to be too restrictive for use by large numbers of students in a classroom. Safety issues with electrical power and the attendant cords were also major concerns. As a result, the third-generation air Venturi nozzle, seen in Figure 4 (c), was designed to untether the experiment by replacing the hand-held hair dryer with a battery-powered air pump. Air flow was supplied to the Venturi by inserting the exit nozzle of the air pump into the inlet of Venturi. In addition, the single differential manometer was superseded by two differential manometers to enable students to see the pressure drop from inlet to throat, and then the pressure recovery from throat to outlet. Upon testing of this first iteration of a battery-powered air Venturi, it was discovered that the very short inlet to the Venturi caused unstable, time-varying flow at the first pressure tap. As a result, the fourth-generation air Venturi nozzle, Figure 4(d) , was redesigned with a longer inlet. In addition, the outlet from the Venturi was resized to better fit the hand-held anemometer used to measure air flow. Figure 5 shows a photograph of the fourth-generation air Venturi in operation. Students run the experiment by inserting the battery-powered air pump in the Venturi inlet to supply air flow as seen inserted on the left of the photo. The air pump can produce flows of up to 3 L/s with a head of 12 m (117.7 kPa) when powered by four rechargeable D-cells. The integrated differential manometers show the pressure drop from inlet to throat, and the pressure recovery in the diverging section from throat to outlet. The hand-held anemometer is held at the exit of the Venturi to measure the air velocity out of the Venturi. Multiplying the indicated air velocity by the cross-sectional area of flow through the anemometer gives the volumetric flow rate through the Venturi. The uncertainty in the differential head measurement using the integrated manometer is estimated to be AE2 mm H 2 O or AE20 Pa. The air velocity measurement using the rotary vane anemometers had an uncertainty of AE0.1 m/s, resulting in a volumetric flow rate uncertainty of AE0.1 L/s.
The low-cost Venturi nozzle experiment shown in Figure 5 was characterized by measuring the pressure drop from inlet to throat over a range of air flow rates, and then comparing the measurements to predictions of the Bernoulli equation The results are shown in the plot of head versus volumetric flow in Figure 6 . The plot shows that the low-cost air Venturi nozzle can be used to validate the Bernoulli equation within experimental uncertainty, with fairly low scatter in the measurements.
Based on the initial success with the low-cost air Venturi, the development of a Venturi nozzle experiment using water as the working fluid was undertaken. The first-generation water Venturi, shown in Figure 7 (a), was based on the third-generation air Venturi. The original intent was that the same hardware could be used by students, first with air and then with water. The difficulty of designing one geometry to perform adequately with two such different working fluids (air and water) was prohibitive and led to a rethinking of the experimental goals. Redesigning the water Venturi specifically for the water flow rates obtainable with small battery-powered pumps resulted in the second-generation nozzle pictured in Figure 7(b) . This is the same Venturi nozzle whose manufacture was illustrated in Figures 1 to 3 .
The water pump can produce flows of up to 2 L/min with a head of 2 m (9.8 kPa) when powered by four rechargeable D-cells in the battery clip. Students control the volumetric flow rate through the nozzle by adjusting the plastic ball valve at the inlet. The pressure in the nozzle can be varied by opening or closing the valve at the outlet. To measure the volumetric flow rate of water through the nozzle students use the positive displacement "bucket and stopwatch" technique. Water flowing out of the outlet of each experiment is caught in a 500-mL measuring cup. The time to fill the 500 mL is measured on a stopwatch. Students determine the pressure at the inlet, throat, and outlet of the Venturi using the three manometers integrated into the nozzle. The uncertainty in the measurement of water volume and time are estimated to be DV ¼ AE25 mL and Dt ¼ AE0.5 s for an uncertainty in volumetric flow measurement that ranges between DQ ¼ AE1 mL/s at low flow rates (10 mL/s) to DQ ¼ AE2 mL/s at high flow rates (30 mL/s). The uncertainty in the pressure measurement using the integrated manometer is estimated to be AE2 mm H 2 O or AE20 Pa.
The second-generation water Venturi nozzle shown in Figure 7 (b) was characterized in the same way as the air Venturi, by measuring the pressure drop from inlet to throat over a range of water flow rates, and then comparing the measurements to predictions of the Bernoulli equation. The results of measurements for seven different Venturi nozzles are shown in the plot of head versus volumetric flow in Figure 8 . Once again, the plot shows that the low-cost water Venturi nozzle can be used to validate the Bernoulli equation within experimental uncertainty, with fairly low scatter in the measurements for each of the seven Venturi nozzle set-ups.
While successful in enabling students to make measurements to deepen understanding of the Bernoulli equation, the second-generation water Venturi demonstrated poor pressure recovery in the diverging section of the nozzle. As a result, the nozzle was redesigned one more time. The diverging angle of the diffuser section of the Venturi nozzle was decreased from 15 to 7 and the length doubled. The result, seen in Figure 7 (c), improved pressure recovery about 25% while measurements of pressure difference between nozzle inlet and throat were essentially unchanged from the measurements for the second-generation nozzle given in Figure 8 .
Pipe flow/head loss experiment
A second set of experiments, designed to help students master the concept of head loss in pipes and ducts, were developed. In particular the pipe flow/head loss experiment was intended to show how static pressure falls as a fluid moves through a pipe (conservation of energy), while fluid velocity remains constant (conservation of mass). As with the Venturi nozzle experiments, the development of the hardware associated with the pipe flow experiment underwent an evolutionary process. The flexible and fast design, fabrication, implementation of successive iterations of hardware enabled the development and testing of four generations of pipe flow experiments. Figure 9 illustrates the development of three generations of the pipe flow hardware.
The first-generation pipe flow/head loss experiment is shown in Figure 9 (a). A large reservoir on the left of the apparatus was filled with water by a battery-powered pump. The reservoir, in turn, fed water into a 3/8 00 pipe with three vertical manometers, spaced three inches apart. Students controlled the flow out of the pipe with a plastic ball valve. When implemented in the classroom, two problems were noted.
First, students had difficulty balancing the flow of water into the reservoir by the pump, with flow out of the pipe through the plastic ball valve. This imbalance led to changing water levels in the reservoir. With the reservoir water level changing, accurate determination of the head change in the three manometers became more challenging.
Second, for laminar flows the very short entrance length to the pipe flow section led to developing boundary layer flow along the pipe where the manometers were located. This entrance flow resulted in a small deviation from the linear pressure drop characteristic of a fully developed flow. Although small, the slightly nonlinearity pressure drop still contradicted one of the primary learning objectives of the head loss experiment that head loss is linear in a constant cross-section pipe, following the Darcy Weisbach equation where Dh is the head loss and L and D are the pipe length and diameter and f D is the Darcy friction factor. As a result of these observations, the experiment design was revisited to simplify operation of the experiment and to reduce or eliminate entrance effects. First, the reservoir at the pipe entrance was eliminated. Instead, the pump was connected via vinyl tubing directly to the inlet of the PETG pipe flow apparatus. Second, a 22-in. (56 cm)-long entrance pipe was added upstream of the straight manometer section. The 22-in. length was chosen to equal the longest distance predicted for the laminar flow to fully develop. In order to fit the required entry length into the 12-in. (30 cm) dimension of the pipe flow experiment, the entry length was folded twice giving the trombone-like geometry seen in Figure 9(b) .
Students ran the pipe flow experiment in Figure 9 (b) by connecting a water pump to the inlet and running flows of up to 2 L/min through the experiment. Students controlled the volumetric flow rate through the pile by adjusting the plastic ball valve at the inlet. These flow rates allowed Reynolds numbers up to Re D ¼ 5000 to be attained enabling students to explore laminar, transitional, and fully turbulent conditions. To measure the volumetric flow rate of water through the nozzle students caught water flowing out of the outlet in a measuring cup, measuring the time to fill 500 mL with a stopwatch. The pressure drop along the pipe was determined using the three manometers integrated with the pipe and positioned 3.75 in. apart. The uncertainty in volumetric flow measurements that ranged between DQ ¼ AE1 mL/s at low flow rates (10 mL/s) to DQ ¼ AE2 mL/s at high flow rates (30 mL/s). The uncertainty in the pressure measurements using the integrated manometers was 2 mm H 2 O or AE20 Pa.
The second-generation pipe flow/head loss experiment shown in Figure 9 (b) was characterized by measuring the pressure drop along the pipe over a range of water flow rates and Reynolds numbers. The results of the measurements, along with predictions from theory, are shown in Figure 10 , where head loss in cm of H 2 O is plotted against flow Reynolds number. The experimental measurements are seen to agree with the Darcy Weisbach equation, within experimental uncertainty, for turbulent flows with Re D > 2300. In contrast, for laminar flows, with Re D < 2300, the trend of the measurements follows the linear rise in head loss predicted by theory. However, measured head losses exceed predicted head losses, indicating a bias error in the measurements.
In order to investigate this bias a series of numerical experiments were run with the experimental geometry specified in Figure 9 (b). The calculations indicated the possibility of flow separation in the 180 bend of the entry pipe just before the straight pipe section. A flow instability just upstream of the manometers could result in a delay in the establishment of fully developed flow for slowly developing laminar flow and a bias in the pressure drop.
As a result, the pipe flow/head loss experiment was redesigned a second time. The goal of the redesign was to ensure well-behaved, fully-developed flow for laminar conditions, to eliminate any bias in head loss for measurements below Re D < 2300. To do this, two changes were made. First, the pipe fabricated as two halves of vacuum formed PETG sheet glued together as seen in Figure 9 commercial tubing ensured the pipe cross-sectional geometry was more uniform and the tolerance on pipe diameter tighter than could be obtained with vacuum forming flat sheets. With this change from a vacuum formed pipe section to the use of commercial tubing, however, a new way to integrate manometers and to measure head loss along the straight pipe section was required. To meet this need, individual manometers were designed to be vacuum formed and then glued onto the 3/8" PETG tubing. An illustration of the new design is given in Figure 9 (c). Second, the 22-inch folded trombone-like entry length upstream of the straight pipe section with manometers was replaced with a 22-inch-long straight section of entry length pipe. The elimination of bends in this entry length reduced the possibility of flow instabilities.
After this redesign, the third-generation pipe flow/head loss experiment in Figure 9 (c) was characterized by measuring the pressure drop along the pipe over a range Reynolds numbers. The results of the measurements, shown in Figure 11 , demonstrate the success of the redesigned hardware. The experimental measurements for the third-generation experiment are seen to agree closely with theory for turbulent flows for Re D > 2300. In addition, measured head loss agrees with predicted head loss for laminar flows, for Re D < 2300. A very small bias, of approximately 1 mm H 2 O, still persists in the head loss measurements, although the bias is well within expected experimental uncertainty.
The cost of the manufactured hardware for a single station of either the Venturi or pipe flow experiments is quite low, less than half the cost of a textbook, and 10 to 100 times less than the cost of any comparable experimental hardware now commercially available. Low-cost hardware is essential to reach the goal of enabling as many students as possible to actively engage with the experiments. 
Educational implementation
Several generations of the Venturi nozzle experiment and the pipe flow/head loss experiment have now been implemented as in-classroom active learning experiences in several mechanical engineering courses. To illustrate how the present approach can be used to flexibly address learning goals, we focus on implementations of the pipe flow/head loss experiment in a junior-level fluids class, Fundamentals of Fluids, a course which serves 75-100 students. Successive versions of the experiment were implemented, over a time period of three years, with lessons learned from each experience guiding changes to later iterations. The economy and flexibility of the hardware design and fabrication procedure enabled continuous improvement in learning outcomes. Figure 12 illustrates the third generation of pipe flow/head loss experiment with tee connection at the inlet that was implemented in a Fundamentals of Fluids class. The goal of the hands-on activity with the pipe flow/head loss experiment was to help students deepen their understanding of mass conservation and energy conservation as they apply to fluid flowing in a pipe.
The implementation began with a short test covering concepts related to fluid velocity and head loss in pipe flow given to all students in the lecture class several days before the experiment was run. On the day of the hands-on activity, the class was divided arbitrarily in two groups. One group of 57 students remained in the classroom and received a lecture on head loss in pipe flow but did not participate in the hands-on activity with the pipe flow/head loss experiment. A second group of 41 students was led to another classroom where they performed the hands-on experiment and did not receive a lecture. Several days after the experiment was run, all students in the Fundamentals of Fluids class, both lecture and experiment groups, took a second quiz involving head loss in pipe flow. The 41 students conducting the hands-on experiment were given a worksheet to fill out in which they were asked to perform several tasks. First, students were asked to predict how they expected the head in the water to vary as the water flowed down pipe. After they had sketched their predictions and started the flow of water down the pipe, students were asked to measure the heights of the water columns in the four manometers in the pipe test section using a ruler. Figure 13 shows the situation the students saw once they started flow through the pipe, with the manometer water heights dropping linearly along the direction of flow in the pipe. With these measurements accomplished, the students plotted their measurements of the manometer heights on a graph, and compared their measurements with their predictions.
Next, students determined the volumetric flow rate of water through the pipe by measuring the time it took to fill a 500-mL measuring cup from the pipe. Using their measured volumetric flow rate and the cross-sectional area of the pipe, the students calculated the mixing cup velocity of the water. Based on this measured flow velocity students first found the Reynolds number of the flow and then the Moody Friction Factor. Finally, the students were asked to use the DarcyWeisbach equation to predict head loss in the pipe, h f
and compare this predicted head loss with the head loss they measured directly. Last, students were asked to consider how the velocity of the water changed as it flowed down the pipe. They were asked to predict the velocity of the water versus distance down the pipe. Having made this prediction, the students were asked to visualize the velocity of the water by introducing small beads into the flow. The beads were dropped into the flow using the tee connection at the beginning of the 22-cm-long straight pipe used to ensure fully developed flow upstream of the pipe test section. Students were asked to drop several beads one right after the Figure 13 . Third-generation pipe flow/head loss experiment with tee connection implemented in ME class.
other and observe the distance between beads as the beads moved with the mean water velocity along the pipe. Students saw the situation shown in Figure 14 , where two beads can be seen moving down the pipe. Based on what they saw, the students were asked to plot the water velocity versus distance down the pipe.
Several days after the experiment was run, both groups of students, the students who conducted the hands-on experiment and the students who listened to a lecture, took a second short test covering concepts related to fluid velocity and head loss in pipe flow.
Educational assessment
In the pre-quiz, students were given a diagram of a pipe and asked to plot first the velocity and then the head loss for a fluid flowing down a pipe. In the post-quiz, students were given a different diagram, a sketch of a pipe between two tanks and asked to plot first the velocity and then the head for a fluid flowing down the pipe. In addition to the plots in the post-quiz, students were also asked to calculate the velocity and head of the fluid halfway down the pipe between the two reservoirs. To support these calculations, they were given the head in the fluid at the two ends of the pipe as well as the length of the pipe and the Darcy-Wiesbach equation.
In designing the assessment, we were particularly concerned about two desired learning outcomes. In particular, we wanted to help students understand: (1) Conservation of energy implies that pressure head drops linearly in a pipe of constant cross section. (2) Conservation of mass implies that the flow rate of a fluid in a pipe of constant cross section must be constant. The hands-on pipe flow activity was focused on these concepts because our experience with undergraduates has indicated that these two concepts are particularly difficult for new engineers to comprehend. Figure 15 shows the prediction of one student concerning head loss in a pipe taken from a pre-quiz. The student has plotted head loss increasing nonlinearly, rising slowly at first and then more rapidly as a fluid moves down a pipe, perhaps because of a faulty notion of how viscous forces affect fluid flows. Likewise, we have found that many students believe that the velocity of a fluid decreases as it flows down a pipe. Figure 16 shows the plot of velocity versus distance down the pipe made by another student, illustrating just this misconception.
Student responses on the pre-quiz and post-quiz were analyzed to determine statistically significant changes from pre-to post-quizzes as well as differences between the lecture and experimental groups. Results are presented in Figures 17 and 18 . A summary of the statistical analysis is given in Table 1 .
The responses shown in the figures and tables give useful information in understanding how students learn to apply conservation of mass and energy in a situation like pipe flow. First, the analysis confirmed that there was no statistically significant difference between the two groups of students, the students who did the hands-on experiment, or experimental group, and the students who attended the lecture or lecture group. Figures 17 and 18 show no significant difference between responses of the experimental and lecture groups to questions on the pre-quizzes. However, the analysis did show the impact of participation in the hands-on experiment on student understanding.
Consider first students' responses to questions related to Concept 1, conservation of energy and linear pressure drop. Figure 17 indicates that the experimental group of students scored significantly higher on the post-quiz on both plotting head in a pipe and calculating head in a pipe than in the pre-quiz. In contrast, the lecture group of students showed no statistically significant improvement in either their answers on plotting or calculating head in a pipe from pre-quiz to post-quiz. More specifically, the experimental group increased from only 24% correctly plotting the pressure head in the pre-quiz to 83% (p ¼ 6.82 Â 10
À9
) plotting head correctly, and 62% (p ¼ 3.70 Â 10
À4
) correctly calculating the head in the post-quiz. In contrast, the lecture group increased slightly from 30% correctly plotting pressure head in the pre-quiz to 43% (p ¼ 0.145) correctly plotting the pressure head in a pipe and 30% (p ¼ 1), or no change, in correctly calculating head in the post-quiz.
The situation was quite different with regard to students' responses to questions related to Concept 2, conservation of mass and constant fluid velocity. Figure 18 shows no improvement in student scores from pre-to post-quizzes for questions dealing with Concept 2. Indeed, Figure 18 shows both the experimental and the lecture groups scored lower on the post-quiz than on the pre-quiz for questions involving plotting and calculating velocity in a pipe. The experimental group declined slightly from 78% correctly plotting the velocity in a pipe to 74% (p ¼ 0.70) correctly plotting the velocity and 61% (p ¼ 0.034) correctly calculating the velocity in the pipe. The lecture group also declined from 88% correctly plotting the velocity to only 51% (p ¼ 1.07 Â 10
À5
) correctly plotting velocity and 59% (p ¼ 8.02 Â 10
À6
) correctly calculating velocity on the post-quiz. It is worth pointing out that even though the experimental group did not do better in the post-quiz than the pre-quiz questions, they did do significantly better than the lecture group in plotting velocity in the post-quiz: 74% of the experimental group plotted velocity correctly versus only 51% of the lecture group in the post-quiz (p ¼ 0.205).
These results, viewed in the context of Kolb's ELT, give some insight into the effective use of hands-on experiments like the present low-cost pipe flow experiment. ELT postulates that effective learning takes place when a student is able to complete at least one experiential learning cycle including a concrete experience, reflection on that experience, thinking through the experience in terms of abstract concepts, and finally testing those thoughts and reflections through active experimentation. The assessment results in Figure 17 clearly indicate first, that the lecture experience did little to help students correct their misunderstandings about head loss in a pipe. This result makes sense since students who participated in a lecture about head loss in a pipe had little opportunity for direct experience, reflection, or testing of ideas through active experimentation. As a result, it is not surprising that few of the lecture students came away from their experience with a deeper understanding of pipe flow.
The assessment results in Figure 17 also indicate that the hands-on pipe flow experiment was much more effective than the lecture experience in helping students learn. Students who participated in the hands-on pipe flow experiment could be expected to have an effective learning experience, since during the course of the pipe-flow experiment, they were guided through all four stages of the experiential learning cycle.
First, students in the experimental group gained concrete experience by directly encountering the head loss in a pipe, using the four manometers to see for themselves the linear drop in fluid height in each successive manometer. Second, the students were encouraged to reflect on that experience by plotting their pressure measurements and comparing the measurements to their initial prediction of pressure in a pipe. Third, students were asked to think about the pressure in fluid flow through a pipe in terms of the Darcy-Wiesbach equation in which head loss in pipe is constant. This step brought the students' experience into the context of an abstract or conceptual understanding. Fourth, by plotting predictions of the Darcy-Wiesbach equation on the same graph as their pressure measurements, the students were invited to test this conceptual understanding against their initial experience. The significant increase in understanding of head loss in pipe flow by students who participated in the hands-on experiment makes sense when seen as being a consequence of the experiment's success in guiding students through a complete experiential learning cycle.
In contrast, the pipe flow experiment was not particularly effective in helping students understand conservation of mass and fluid velocity in a pipe. The assessment results in Figure 17 clearly indicate that the hands-on pipe flow experiment was much less-effective in developing students' understanding related to fluid velocity than their understanding of head loss in a pipe. This lack of effectiveness of the hands-on experiment with regard to fluid velocity can also be seen through the lens of ELT, as being a consequence of the experiment's failure to guide students through a complete experiential learning cycle concerning that concept.
First, students in the experimental group did gain concrete experience directly encountering fluid velocity in a pipe, by watching tracer beads flowing along with the water in the pipe flow experiment. Second, students were encouraged to reflect on that experience by sketching the fluid velocity they visualized using the beads and comparing these observations to their initial prediction of velocity versus distance down a pipe. However, students were not explicitly asked to think about their velocity observations in terms of a conceptual framework, nor were they asked to test the validity of a conceptual framework against their observations. As a result, the hands-on pipe-flow experiment, while actively engaging students in experiencing and reflecting on observations of fluid flow, did not effectively complete the learning cycle by encouraging students to think through their observations in the context of the concept of conservation of mass, and then to test the consequences of that conceptual understanding against their observations. We postulate then that the effectiveness of the present set of low-cost experiments in developing student understanding depended to a large degree on the success of the experiment in guiding students through a complete experiential learning cycle. The pipe-flow experiment appeared to be successful in helping students learn when the experiment was structured such that students could use the hardware to first gain concrete experience with head loss in a pipe, then were guided through a process of reflection and thinking to build a connection with the underlying engineering concepts, and finally could use the hardware to test that understanding. In contrast, the pipe-flow experiment was not very successful in developing student understanding, even when the hardware enabled active engagement to gain concrete experience with fluid velocity, if students were not subsequently guided through a process of effectively thinking about that experience in the context of the underlying concepts and then testing that conceptual understanding.
Finally, the reproducibility of the results presented above might be questioned. To address this question, the same pipe flow/head loss experiment was implemented in a subsequent Fundamentals of Fluids class. The second implementation involved a new group of 54 students taught by a different instructor, with assessments of student learning conducted as before, using the same pre-and post-quizzes. The results of the learning assessment for this second implementation were statistically similar to the results presented in Table 1 
Conclusions
A new approach to fabricate inexpensive fluid and thermal experiments has been demonstrated. The approach is based on a design for manufacture philosophy that leverages flexible manufacturing tools to produce simple experimental hardware. The experimental devices were fabricated using a four-step approach. First, commercial CAD software was used to define the geometry of an experiment. Second, a rapid prototyping machine was used to 3-D print a plastic mold of the design. Third, a vacuum former was used to form thin plastic sheets around the 3-D printed mold. Finally, the vacuum formed sheets were assembled together to produce multiple copies of the experiment. Small battery-powered pumps were used to move air or water through the experiments.
Seven generations of Venturi nozzle experiments (four iterations utilizing air and three iterations using water as the working fluid) along with three generations of a pipe flow/head loss experiment have been developed. To date, more than 200 copies of the hardware have been manufactured to implement these experiments in mechanical engineering classrooms. The cost of the manufactured hardware for both Venturi and pipe flow experiments is quite low, less than half the cost of a textbook, and 10 to 100 times less than the cost of any comparable experimental hardware now commercially available.
Extensive characterization of the experimental hardware validates their accuracy and repeatability.
Several generations of the pipe flow experiment were implemented in a juniorlevel, mechanical engineering fluid class. Students were divided into two groups: an experimental group that used the pipe flow experiment in a hands-on activity and a lecture group that heard about pipe flow and head loss in a lecture. Learning outcomes for the two groups were assessed using quizzes before and after the hands-on activity and lecture. After participating in the hands-on activity, students in the experimental group were able to answer questions related to head loss correctly, at a rate that was much higher than students in the lecture group. In contrast, neither students in the experimental group nor in the lecture group showed gains in answering questions related to fluid velocity.
These results illustrate the effectiveness of low-cost, hands-on experiments in helping students learn engineering concepts. They also illustrate how the effectiveness of those hands-on experiments depends critically on the design of the experiments. The effectiveness of the present set of low-cost experiments, in developing student understanding, appears to depend on the success of the experiment in guiding students through a complete experiential learning cycle.
The present approach is fast and flexible enough so that multiple generations of experimental hardware can be designed, fabricated, tested, and implemented quickly. This enables an iterative approach to hardware design and course implementation, enabling faculty to find and validate those experimental activities that help students learn best.
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